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Abstract— Transforming growth factor-alpha (TGFa) is a 
powerful endogenous mitogen and neurotrophic factor, 
which has previousiy been shown to induce a massive pro- 
liferative response in the brains of Paricinson's disease 
model rats injured by an acute neurotoxic lesion. We now 
show that TGFa can also produce a massive proliferative 
response in rat brains subjected to stroke caused by a middle 
cerebral artery occlusion (MCAO), even when the growth 
factor is administered as late as 4 weelcs after injury. This 
combination of stimuli provolces DNA synthesis, shown 
by 5'-bromo-2-deoxyurid)ne incorporation, throughout the 
ependymal layer and subventrlcular zone (SVZ) of the fore- 
brain during the 4 weelcs of growth factor administration. The 
newly generated cells migrate preferentially along and ven- 
tral to the corpus callosum (CC) and external capsule to the 
site of the injury where many of them differentiate into sev- 
eral site-appropriate neuronal phenotypes in association with 
near complete (99%) behavioral recovery. We conclude that 
the Injury response of endogenous neural stem cells as well 
as behavioral recovery can be significantly enhanced by ap- 
plication of TGFa, and that this approach represents a poten- 
tial therapeutic strategy for chronic strolce and other neuro- 
logical damage in human patients. © 2009 IBRD. Published 
by Elsevier Ltd. All rights reserved. 



When adult rodents are subjected to a middle cerebral 
artery occlusion (MCAO), the resulting infarction injury 
stimulates a low level of endogenous neurogenesis in the 
subventricular zone (SVZ) of the affected side {Jin et al., 
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2001, 2003; Zhang et al., 2001b; Arvidsson et a!., 2002; 
Parent et al., 2002). While this response does not provide 
for recovery to a pre-strol<e condition, it is a promising 
target for therapeutic intervention since it may be possible 
to enhance it by adding appropriate factors that increase 
proliferation, migration and differentiation (PMD), as well 
as functional Integration. Some of the candidate factors 
(e.g. the epidermal growth factor family EGF; HB-EGF, 
and erythropoietin, FGF-2, BDNF, G-CSF, G-CSF-i- SCF, 
GDNF, IGF-1, HB-EGF, VEGF) have been shown to pro- 
duce some enhancement of the endogenous response to 
acute and sub-acute ischemic strol^e (Teramoto et al., 
2003; Wang et al., 2004; Wada et al., 2003; Gustafsson et 
al., 2003; Andsberg et al., 2002; Schneider et ai., 2005; 
Kawada etal., 2006; Dempsey et al., 2003; Jin et al., 2004; 
Sun et al., 2003). In the present study we investigated 
whether intracerebral infusion of transforming growth fac- 
tor-alpha (TGFo:), a potent member of the EGF family 
known to be expressed in the developing and adult fore- 
brain {Fallon et ai., 1984; Failon et al., 1990) can enhance 
the PMD response in rats subjected to transient MCAO 
and whether this treatment is associated with significant 
behavioral recovery. We infused the TGFa 4 weeks after 
injury when the infarction was no longer expanding and 
deterioration had stabilized indicating that the acute phase 
was completed and the chronic phase had begun. This 
delay in growth factor administration resembles the typical 
situation in humans with pre-existing stroke injuries who 
might benefit from this type of therapy. 

TGFa is an important cytokine that induces, among 
other things, the proliferation and differentiation of neural 
precursors in the developing brain, and low levels of local 
proliferation in the adult CNS of mammals {Fallon et al., 
1984, 1 990; Reynolds et al., 1992). In mice that are null for 
the gene encoding TGFa there are reduced numbers of 
proliferating SVZ cells especially in the dorsomedial comer 
of the forebrain lateral ventricle, and fewer neuroblasts in 
the rostral migratory stream {Tropepe et al., 1997). In a rat 
model of Parkinson's disease (PD), TGFa induces a mas- 
sive PMD response by neural stem cells (Fallon et al., 
2000) in the ependymal layer and their transit amplifying 
progeny in the SVZ (Gleason et al., 2008). Some of the 
daughter cells differentiate as neuron precursors (Gleason 
et al., 2008) and as neurons associated with significant 
functional recovery {Fallon et al., 2000). 

We find that when TGFa is administered 4 weeks after 
MCAO, the combined stimuli induce proliferation and mo- 
bilization of endogenous precursors that can be clearly 
detected at 8 weeks after the MCAO. Many of the new cells 
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express 3',5'-monophosphate-regulated phosphoprotein, 
{Meis2) (Toresson et al., 1999), 32 kD dopamine and cyclic 
AMP-regulated phosphoprotein {DARPP-32) (Ouimel et 
a!., 1998), and NeuN (Mullen et al.. 1992) indicating that 
they differentiate into striatal neurons appropriate to this 
brain region. The newly generated neurons appear to be- 
come functionally integrated, perhaps by the reconstitution 
of cortical and basal ganglia circuitry, as measured by 
standard cylinder and corner behavioral tests (Li et al., 
2004; Zhang et al., 2002; Lindner et al., 2003; Schallert et 
a!., 2000). These findings demonstrate the potential effi- 
cacy of TGFa as an Inducer of neurogenesis, which may 
be clinically useful in enhancing recovery from neural in- 
juries including strol<e. 

EXPERIMENTAL PROCEDURES 
Transient MCAO 

Ttie animals were anesthetized with xylazine (8 mg/kg) and ket- 
amlne (100 mg/l<g) (Western Medical Supply, Arcadia, CA, USA) 
and body temperature was maintained with a heating pad set to 
37.5 °C. A femoral artery cattieter was used for continuous mon- 
itoring of mean arterial blood pressure and the measurement of 
arterial blood gases before, during, and after ischemia. To induce 
ischemia an Incision was made in the neck and the left common, 
extemal and intemal, carotid arteries were exposed. The external 
carotid, the left occipital artery and the left pterygopalatine artery 
were cauterized. A 4-0 nylon monofilannent suture with silicon 
(Doccol Co., Albuquerque, NM, USA) was carefully introduced via 
the left extemal carotid artery stump into the lumen of the intemal 
carotid artery until it reached and occluded the MCAO. A surgical 
clip (Fine Sdence Tools, Foster City, CA, USA) was placed on the 
lower part of the intemal carotid artery during the time of the 
occlusion. After 90 min the suture was withdrawn from the internal 
carotid artery and the wound closed. For sham control animals, 
the same surgery procedure was used except that no suture was 
Inserted. 

Growth factor infusions 

Twenty-eight days after the MCAO or sham MCAO procedure the 
animals were anesthetized with i.p. xylazine (8 mg/kg) and ket- 
amlne (100 mg/kg) (Westenn Medical Supply) and immobilized in 
a Kopf stereotaxic device. Model (2004), Aizet, Inc. (Brain Infusion 
Kit), osmotic minipumps were filled with approximately 200 /il of 
either PBS for control animals, or 20 jig TGFa (R&D Systems, 
Minneapolis, MN, USA). The pumps were incubated overnight at 
37 °C. Minipumps were implanted s.c. in the interscapular region 
and the 5 mm cannula stereotaxically implanted into the caudate- 
putamen (A/P -0.8, MIL +3.7, D/V 5), using the bregma as a 
reference. The cannula was fixed in place using carboxylate ce- 
ment (International Dental Supply). The infusate was delivered 
over a 4-week period at a rate of approximately 0.25-1 ,0 ftl/h. A 
total of 38 animals were given the MCAO, 20 of those were given 
TGFa, while 1 8 were given PBS. Eighteen control shams received 
intraventricular TGFa (n=10), or PBS (/?=8). Parts of the dam- 
aged striatal tissue sometimes disintegrated and were not avail- 
able for analysis. All animal experiments were conducted in ac- 
cordance with applicable oversight guidelines for the ethical use of 
animals and care was taken to minimize animal suffering. 



5'-Bromo-2-deoxyuridine (BrdU) administration 



Table 1 . Time course of the experiment 



1-3 



Baseline behavioral experiments for cylinder and 



13 MCAO Stroke induction 

14, 21 , 28, 35 Cylinder and corner tests 
43 Minlpump implant with TGFn or PBS (28-day 

infusion) and BrdU injection 
50, 57, 64, 71 Cylinder and comer tests, daily BrdU injections 

for 28 days 
72 Sacrifice for histology 

MCAO was given to go-day-old rats to simulate the effects of a 
stroke injury in adult human patients. Twenty-eight days later TGFo 
administration was initiated and continued for another 28 days. I.p. 
daily BrdU administration was initiated on the same day as the TGFa 
infusion to follow the proliferation of precursor cells. Behavioral tests 
were given prior to the MCAO procedure, after the MCAO procedure 
but before the TGFa was administered, and after administration of 
TGFa. The animals were sacrificed for immunohistochemical studies 
56 days after the MCAO procedure and 28 days after the onset of 
TGFa administration. 

Behavioral testing 

Animals were assessed for changes in behavioral performance 
using two sensory-motor tests; the corner test and the cylinder 
test. The tests were performed once per week on the days stated 
in Table 1 . An average of the three trials was taken. Trends were 
noted over the course of the experiment and significance of dif- 
ference between experimental groups was assessed by the Stu- 
dent's /-test and ANOVA test. Post-surgery rats that did not exhibit 
substantial behavioral deficits in the comer or cylinder tests 
(-60% of the rats) were, by experimental design, eliminated from 
further behavioral and immunohistochemical analysis. Also, 2% of 
the animals were excluded because they became Inactive while in 
the cylinder. This behavior was later attributed to stroke injuries 
that appeared to be more severe in histological terms than the 
average injury. 

Cylinder test procedure 

Trials of the cylinder test were conducted once per week in a room 
controlled for light and sound to evaluate forelimb use and asym- 
metry in weight shifting during vertical exploration. Each rat was 
placed in a transparent cylinder 20 cm in diameter and 30 cm in 
height with an open top (Interstate Plastics, Sacramento, CA, 
USA). Counts were made of whether rats supported themselves 
using the right, left or both forepaws in 10 paw-touches, for a total 
of 30 noted paw-touches per weekly test. The non-impaired ani- 
mals used forelimbs symmetrically while MCAO favored one limb 
over the other. For data analysis, the percent of left (ipsilateral to 
MCAO lesion) paw use was taken for each trial using the following 
equation: 100 (# ipsilateral paw touch+0.5 (# both paw touch))/ 
(ipsilateral +contralateral+both paw touch). 

Corner test methodology 

The edges of two Plexiglas boards with dimensions 30x20x0.5 
cm^ (Interstate Plastics) were placed together to form a 30° angle 
in front of the rat. The two boards were then vibrated and slowly 
moved towards the rat to encourage the animal to rear and turn to 
exit at the open end. Each test consisted of 10 trials in which the 
total number of left and right turns was recorded. Unlesioned 
animals turned randomly toward either direction while ischemic 
rats turned toward the non-impaired side. Our results are reported 
as the percentage of ipsilateral (injury site, left side) turns versus 
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contralateral turns. The test was conducted a total of three times/ 
day to achieve statisticai significance. 

Cardiac perfusion 

All animals were sacrificed by intracardiac perfusion at 5 months 
of age, 2 months after the stroke using nnethods consistent with 
the recommendations of the Panel on Euthanasia of the American 
Veterinary Medical Association, Rats were deeply anesthetized 
using j,p. kstamine (100 mg/kg) and xylazine (8 mg/kg). When the 
animal was fully anesthetized, a thoracic incision was made and 
the pericardium opened. A 0,9% saline solution was perfused 
intracardially, through the left ventricle, and released via an inci- 
sion in the right atrium. This was followed by perfusion with a 4% 
paraformaldehyde solution. The brains were extracted and post- 
fixed at 4 °C in 4% paraformaldehyde, and cryoprotected in 30% 
sucrose. The brains were then frozen in methyl butane (Sigma, St. 
Louis, MO, USA) at -20 °C. 

■Histological studies 

The brains were cut in the corona! plane at 40 ptm in a cryostat at 
-20 "C. For the oo-localization of BrdU with different develop- 
mental markers for PMD, immunohistochemical double staining 
was performed on free-floating sections. The tissue slices were 
treated with 50% formamide, and 50% 2x SSC at 65 °C for 1 h to 
denature the DNA, This was followed by 3 washes in 2x SSC at 
room temperature, denaturation with 2 M HCI in H2O at 37 °C for 
30 min, neutralization with 0.1 M borate buffer (pH 8.5) for 10 min, 
followed by a rinse in PBS pH 7.4 during 5 min. Sections were 
then blocked in 3% horse serum with 0,3% Triton X-1 00 in PBS for 
1 h at room temperature, and probed with a Roche (Nutley, 
NJ, USA) anti-BrdU mouse monoclonal antibody (1:400, in 
0.1% BSA in PBS) or rat monoclonal anli-BrdU (1:100; Accurate 
Chemical and Scientific Corporation, Westbury, NY, USA). The 
BrdU antibody was preincubated with the primary antibodies, 
which Included mouse anti-nestin monoclonal antibody (1:100; 
Chemlcon International, Temecula, OA, USA), rabbit anti-glial 
fibrillary acidic protein (GFAP; 1:2000; Dako, Carpinferia, CA, 
USA), rabbit anti-l\/leis2 (1:500, kind gift of Dr. A. Buchberg, 
Thomas Jefferson University), mouse anti-neuron-specific nu- 
clear protein (NeuN) (1:100; Chemlcon International), mouse anti- 
DARPP-32 (1 ;20,000, generously donated by Dr. Paul Greengard, 
The Rockefeller University). The tissues were then incubated 
overnight at room temperature and subsequently rinsed in PBS. 
Alexa Fluor secondary fluorescent antibodies (Invitrogen Corpo- 
ration, Carlsbad, CA, USA) were incubated for 1 h at room tem- 
perature, and the prepared sections were washed In PBS and 
mounted, Epifluorescence microscopy was performed with a 
Zeiss Axioplan 2 microscope and a Zeiss LSM510-METAL micro- 
scope forconfocal microscopy. The three-dimensional reconstruc- 
tions were made in Bitplane-lmaris software. 

Stereologica) analysis of neurogenesis 

The number of BrdU, BrdU/DARPP-32, and BrdU/NeuN cells 
across the dorsolateral region of the lateral ventricle through the 
ischemic striatum was estimated by slereological counting proce- 
dure using the optical fractlonator method. A total of six animals, 
three for MCAO/TGFb and three for MCAO/PBS were unbiasedly 
analyzed. Six coronal sections of 40 jxm at 280 ii.m interval, 
starting at + 1 .2 to -0.44 mm from Bregma (Paxinos and Watson, 
1997), were sampled from each brain. These coordinates corre- 
spond to the anteromedial lateral ventricle/striatum area of the 
brain. The counted area was traced using Stereo investigator- 
equipped workstation (MIcroBrightfield, Inc., Colchester. VT, USA) 
at 4x magnification in an Olympus DSU Spinning Disk Confocai 
IVIicroscope (Olympus, Center Valley, PA, USA). All counts were 
performed at lOOx using a 1 .4 numerical aperture lens with a high 



speed CCD camera (Hamamatsu, Bridgewater, NJ, USA). For 
BrdU/DARPP-32 and BrdU/NeuN labeling, the counting frames were 
distributed using a scan grid of 300x300 jim and a counting box of 
40 by 40 iiin. The BrdU single cells were counted In the ependyma 
and SVZ using a scan grid of 110x110 f^m. Since the number of 
BrdU cells were distributed homogeneously in the shams we only 
counted one section per brain (+0.70 mm). For all cell counts, 
section thicknesses were measured throughout the counting grid 
with use of the microcator attached to the microscope stage and 
Gunderaen coefficients of error (m=1) were always £0.10. 

Statistics 

The data are expressed as mean values ±standard deviation 
(SD). Statistical analysis between groups was accomplished by 
unpaired Student's Mest and a post hoc Bonferroni test. The data 
passed the Shapiro-Wilk test and Anderson-Dariing normality 
tests included in an MiOVA analyses. The P-value for the com- 
parisons is included in the results and/or figures. 

RESULTS 

Conditions for chronic stroke 

Brains subjected to 90 min of MCAO showed substantial 
regions that were infarcted 24 h after treatment as indi- 
cated by their lack of staining for 2,3,5-triphenyltetrazolium 
chloride, a red stain that detects active mitochondrial oxi- 
dative phosphoryiation enzymes in living tissue (Bederson 
et al., 1986) (Fig. 1A). Areas in the lateral striatum and 
adjacent cortices where the stroke injury was most severe 
often showed large regions devoid of tissue (Fig. 1B, C). 
Although there is no widely accepted time course for as- 
sessing the development of MCAO injuries, In human pa- 
tients the chronic phase begins 1-2 weeks after the stroke 
and In the present study the lesion sites appeared to have 
stabilized after 2 weeks. We therefore began administra- 
tion of TGFa at 4 weeks after occlusion (approximately 
equivalent to a year after stroke in humans) to ensure that 
our study was carried out during the chronic phase. 

Induction of massive proliferation 

In control animals that were given a continuous infusion of 
PBS and daily administration of BrdU 4 weeks after the 
MCAO procedure, substantial BrdU incorporation was 
found in and around the site of the infarction and to a lesser 
degree in the SVZ of the ipsilateral side at 8 weeks after 
the infarct (Fig. IB, D, F). A faint band of BrdU-labeled 
cells stretched from the dorsolateral corner of the ventricle 
along the CC and external capsule, including the adjacent 
subcapsular boundary zone with the striatum (obliterated, 
embryonic remnant of the lateral ventricle), towards the 
site of the infarct. However the injury location and ventricle 
did not appear to be strongly connected by BrdU-labeled 
cells (Fig, 1B, D, F). 

In experimental animals subjected to MCAO and in- 
fused with TGFa, there was similarly strong BrdU incorpo- 
ration in and around the site of the infarction but substan- 
tially greater BrdU incorporation along the CC and lateral 
wall of the ipsilateral ventricle compared to controls (Fig, 
1 C, E, G). Strong labeling was observed along the lateral 
wail of the ipsilateral ventricle in both the ependymal layer 
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MCAO/PfK MCAO/TGFa 



Fig. 1. Histology of MCAO brains and induction of proliferation. (A) Representative coronal brain sections from rats subjected to MCAO for 90 min 
and stained with 2,3,5-triphenyltetrazolium chloride (TTC) 24 h later. TTC staining shows that the two areas principally affected by the MCAO are the 
cortex (CT, especially involving the piriform, perirhinal, and suprarhinal cortices) and striatum (ST; and immediately adjacent parts of the globus 
pallsdus). (B, D, F) images of coronal brain sections in adult rats that received a 2e-day infusion of PBS, or (C, E, G) TGF«, 28 days after MCAO. 
(D, F) Magnification of the rectangle in B. (E, G) magnification of the reclangie in C. (H, I) quantification of BrdU-labeled cells in terms of both cells 
per millimeter cubed and the total number of cells. Scale bars^500 /xm (B); 200 fi.m (C-G). LV, lateral ventricte; C-P caudate putamen; CC, corpus 
callosum; S, septum; ST, striatum. 



and SVZ (Fig. 1G). A manual count of the number of 
BrdU-labeled cells showed —487,000 on the ipsilateral 
side in TGFa-treated animals compared to 228,273 on the 
same side in PBS controls. Using automated counting of 
41 sections we found 34,045 labeled cells on the ipsilateral 
side in TGFa-treated animals and 8645 on the same side 
in PBS-treated controls (Fig. 1H, I). We attribute the differ- 



ence in counts between manual and automated counting 
here and subsequently to the increased powers of discrim- 
ination of the human counter compared to the automated 
system. 

Many of the BrdU-labeled cells were also positive for 
the neural progenitor marker nestin (Lendah! et al., 1990) 
which was strongly expressed at the site of the infarct In 



474 



M. Guerra-Crespo et ai. / Neuroscience 160 (2009) 470-483 



both control and experimental animals (Fig. 1B, C, D, E). 
Nestin expression along the CC was similar to BrdU incor- 
poration, with control animals showing only a partial bridge 
between the infarct and ventricle whereas TGFa-treated 
animals showed a more complete bridge (Fig. 1C, E. G). 
Nestin expression in the SVZ was also substantially 
greater in treated animals compared to the controls, with 
expression around the ventricle extending more laterally 
than BrdU-labeling into the striatum, resulting in a web-like 
appearance that connected the ventricle wall to more distal 
parts of the CC where it coursed In a ventral direction (Fig. 
1C, E), Although there were some BrdU-labeled cells In 
the striatal area between the CC and ventricle, most of the 
co-labeled cells were along the ventricular wall and in the 
CC (Fig. 1C, E, G). BrdU and nestin on the contralateral 
side were significantly weaker than on the ipsilateral side 
and this difference was clearest in experimental animals 
where the treated side was strongly activated (Fig. 2). 

Migration of progenitors 

In most TGFa-treated animals the MCAO infarct was lo- 
cated In the lateral parts of the striatum and the deep 
layers of the lateral cortices. In these animals the BrdU/ 
nestin co-labeled cells were situated along the CC in a 
band extending from the dorsolateral corner of the ventri- 
cle to the site of the infarction. The cells showed nestin 
staining with bipolar, elongated morphology typical of mi- 
grating cells (Fig. 2A, C, E, G, H). In the CC, the long axes 
of bipolar profiles were oriented approximately orthogo- 
nally to the ventricle wall and appeared to point toward the 
site of the infanition (Fig; 2A, C, G) while along the lateral 
wall of the ipsilateral ventricle, some ceils and their nestin- 
positive fibers were oriented at —45° relative to the ventri- 
cle surface and appeared to point In the direction of the 
dorsolateral corner of the ventricle (Fig. 21-1). Nestin ex- 
pression was weaker on the contralateral side where bi- 
polar morphology and potential migratory routes were not 
observed (Fig. 2B, D, F). 

In some animals the infarction was located more me- 
dially within the striatum and a different apparent migration 
pattern was observed (Fig. 3A-L). Here, BrdU-labeled 
cells were found dispersed throughout the striatum along 
the entire dorsoventral length of the lateral ventricle, and 
there were significantly fewer cells In the CC compared to 
brains with more laterally located infarcts (Fig. 3A, B, C). 
Expression of doublecortin was dispersed in the striatum 
between the dorsal extent of the lateral ventricle and the 
Infarct and appeared to increase in the striatum closer to 
the infarct (Fig. 3A, I). GFAP was also concentrated at the 
infarct and distributed along the CC leading back to the 
SVZ (Fig. 3B, J). 

Differentiation of progenitors 

Mels2 is a transcription factor that is strongly expressed in 
striatal precursors during development (Toresson et al., 
1999) and is thus a marker of the eariy striatal precursor 
phenotype. In TGFa-treated animals BrdU-positive cells 
expressing Meis2 were substantially more common at the 
infarct, in the apparent migratory stream leading to the 



infarct (Fig. 3C, G, K) and around the ipsilateral ventricle 
(Fig. 48, D) compared to controls (Fig. 3D, H L and Fig. 4A, C). 
The expression of Meis2 generally resembled that of 
nestin in forming a bridge that connected the Infarct to 
the lateral ventricle (Fig. 3C, G, K). Nestin. GFAP, dou- 
blecortin were also substantially co-localized with Meis2 
in the migratory stream and at the Infarct (Fig. 3). Meis2 
staining in the ependymal layer changed dramatically in 
treated animals from being concentrated at the ventricle 
surface to being more evenly distributed among both 
ependymal cells and more basally located cells in the 
SVZ. 

Labeling with NeuN, a marker of mature neurons 
showed that while many cells were positive near the lateral 
ventricles in TGFa-treated animals, cells double-labeled 
with both BrdU and NeuN were predominantly found at the 
site of the infarct (Fig. 4F). Closer examination by serial 
sections of one NeuN positive cell showed both incorpo- 
ration of BrdU label and distinctive neuronal phenotype in 
the form of a basal process (Fig. 5A-P). We found many 
examples of NeuN and BrdU double-labeled cells (Fig. 6C, 
F, I, L). Manual counting revealed 97,462 cells co-labeled 
by BrdU and NeuN, while automated counting found a total 
of 5396 cells (Fig. 6M). In control animals we manually 
counted 54,854 while automated counting found 696 co- 
labeled cells in control animals (Fig. 6M). The difference 
between the counts in control and experimental animals 
was highly significant. 

Many BrdU-labeled cells were also positive for Meis2 
and DARPP-32 (Fig. 6) a protein known to be expressed In 
mature striatal neurons (Ouimet et al., 1998). We found 
160,444 BrdU, DARRP-32 co-labeled cells in a manual 
count of the entire striatum on the Ipsilateral side in TGFa- 
treated animals while automated counting of the same 
region found 6926 co-labeled cells (Fig. 6M). Manual 
counting of the entire striatum on the ipsilateral side in 
control animals identified 69,645 cells while automated 
counting found 506 co-labeled cells (Fig. 6M), a highly 
significant difference. 

Behavioral recovery 

The corner and cylinder sensory-motor behavioral tests (Li 
et al., 2004; Zhang et al., 2002; Lindner et al., 2003; 
Schallert et al., 2000) were used to measure asymmetric 
behavioral preferences that Indicate neurological deficien- 
cies related to stroke damage. Using the corner test we 
found a 98% decrease (P<0.001) compared to pre-treat- 
ment levels in the frequency of left turns in the stroke 
animals that were treated with TGFa (Fig. 7A) while ani- 
mals that received PBS showed a 37% decrease 
(P<0.001) compared to pre-treatment levels. The TGFa- 
treated rats showed a 61.5% decrease in rotation fre- 
quency compared to the PBS stroke-animals 71 days after 
the stroke and this difference was highly significant 
(P<0.01). The sham-injured rats receiving TGFa or PBS 
did not show any behavioral improvement (P<0.001). Re- 
sults using the cylinder test were similar to that of the 
comer test with the TGFa group showing 99% (P<0.001) 
improvement compared to pre-treatment levels, while the 
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Fig. 3. Differentiation of activated cells. (A, E, I) Doublecortln and BrdU ipsltateral to tfie infarct in TGFo-tre 
gradually between the ventricle and the infarct but is strongest at the site of the infarction (B, F, J) GFAP is expressed at considerable levels in the 
same areas in TGFa-freafed animals. (C, G, K) Mels2 and BrdU signal are significantly increased in animals treated by JGPa both at the Infarct and 
in a dorsoventrally oriented band of cells leading to it compared to PBS cortrois (D, H, L). Scale bars=200 (A-L). LV, lateral ventricle; C-P, caudate 
pirtamen; CC, corpus callosum; SVZ, subventricufar zone; EC, external capsule. 

(Morris et al., 1982) was used as a negative control to 
confirm that the measured behavioral deficits were not 
caused by spatial learning and memory deficits, since 
these are hippocannpal functions not normally affected 
by the MCAO. No significant changes were found in any 
of these tests. 



DISCUSSION 

Here we extend upon our previous work with TGFa and 
chemical lesion in a PD model rat (Falion et al., 2000; 
Gleason et al., 2008) to show that with a chronic stroke/ 
ischemic lesion, TGFa can also significantly amplify the 
proliferative responses of neural stem cells in the 
ependymal layer as well as their presumptive progeny in 
the SVZ (Gleason et al., 2008). Our findings suggest 
that injury signals in general, rather than signals unique 
to a particular injury, prime a population of endogenous 
cells to proliferate in response to appropriate grovirth 
factor stimulation, in this case, an epidermal growth 
factor family member, TGF«, which is the family member 
enriched in the basal ganglia (Fallon et al., 1990). Newly 
generated cells then migrate along injury-specific path- 
ways and, in this stroke model, differentiate into neurons 
in large numbers in association with significant behav- 
ioral recovery. 



In the absence of TGFa the majority of responding 
cells, positive for both BrdU and nestin, are found in and 
around the site of the infarction injury. However, with ad- 
ministration of TGFa most of the additional responding 
cells are located in the ventricular zone adjacent to the 
lateral ventricle. After 4 weeks of BrdU administration, 
labeling of this area was almost complete indicating that 
a large fraction of adult-germinal ceils retain the ability to 
proliferate and that most of these cells self-renew within 
a month. The fact that significant proliferation was in- 
duced, even when growth factor was not administered 
until 4 weeks, and in three rats more than 8 weeks (data 
not shown), after the MCAO injury, indicates that the 
activated state persists for an extended period after the 
acute phase of the injury has passed. Administration of 
TGFa without MCAO does not produce a similar re- 
sponse at the ipsilateral ventricle, demonstrating that 
the injury provides a signal that is essential for the 
resulting proliferation, a finding also seen in the PD 
mode! rat (Fallon et al., 2000; Gleason et al., 2008; 
Cooper and Isacson, 2004). 

The identity of the BrdU-labeled cells as neural pro- 
genitors is confirmed by their expression of nestin (Lendahl 
et al., 1990). Nestin expression is strongly upregulated in 
response to injury (Frisen et al., 1995; Takahashi et al., 
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Fig. 4. Distribution of neuronal rtsarlters. (A, C) Meis2 and BrdU at the ipsiiateral ventricle in PBS-treated animals. Meis2 is accumulated on the 
ependymal layer and apical SVZ white BrdU incorporation is sporadic. (B, D) Meis2and BrdU at the ipsiiateral ventricle in TGFa-treafed animals. BrdU 
incorporation is dramatically increased compared to controls and the number of ceils labeled by either BrdU or Meis2 is substantially greater. Meis2 
is no longer accumulated at the ventricle surface and is now distributed more evenly in the SVZ and striatum. (E, F) Localization of NeuN and BrdU 
at the ventricle surface (E) and at the MCAO site in the striatum (F) in TGFa-lreated animals. Very little co-localization is observed near the ventricle 
even though both markers are prevalent. However at the site of the lesion a substantial fraction of the NeuN positive cells also incorporate BrdU. Scale 
bars=100 nm {A, B); 50 jim (C-F). LV, lateral ventricte. 



2003) and we find significant expansion of tine nestin- 
positive population In MCAO-injured animals treated with 
TGFa. That nestin was found co-localized with virtually all 
BrdU-labeled cells indicates tliat it nnay be directly involved 
with cellular proliferation. However, we also found some 
regions of nestin expression where BrdU incorporation 



was more ilmited, suggesting that either a threshold level 
of expression is required before cells enter a proliferative 
mode or, alternatively, that nestin has additional functions 
that are not necessarily connected with cell proliferation. 

We presume that the band of BrdU/nestin co-labeled 
cells that extends from the dorsolateral corner of the ven- 
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Fig. 5. BrdU-posiSive ceN with neuronal morphology in an MCAO/TGFcE-treated animal. (A) A three-dimensional representation of the cell depicted in 
the remainder of this figure. NeuN staining reveals that the cell has a prominent basal process and substantial BrdU incorporation. (B, C, D) Projections 
of the entire z-stack into a single plane with both markers (B), NeuN only (C), and BrdU only (D). (E-P) Serial sections through the cell. Scale bar= 
10 iim. 



tricle along and just ventral to the externa! capsule to the 
striatal site of infarction reflects migration of neural precur- 
sors from the SVZ to the injury. Despite the fact that 
traveling through the striatum would be the most direct 
route from the ventricle to the injury location, we found very 
few BrdU-labeled cells there when the injury was in the 
lateral striatum, although nestin was strongly expressed. 
When the infarct was located more medially within the 
striatum, BrdU/nestin co-labeled cells appeared to travel 
directly into the striatum from along the entire dorsoventrgl 
length of the SVZ in a more diffuse migratory pathway that 
was reminiscent of that seen in the PD model (Fallon et al., 
2000; Cooper and Isacson, 2004; de Chevigny et al.. 2008) 
where the most acute injury within the forebrain is in the 
striatum. These findings indicate that injury signals from 



the lateral extent of the striatum and the cortex are not 
effectively transmitted through the medial striatum to the 
SVZ, but must travel through the external capsule, CC, and 
subcapsular environment while Injury signals from more 
medial locations in the striatum can be directly communi- 
cated to the SVZ. In addition when the injury was located 
in the outer striatum, traveling within the CC migratory 
pathway was associated with additional proliferation that 
did not occur in the striatum. 

Similar migration patterns have been reported before 
in stroke models (Arvidsson et al., 2002; Parent et al., 
2002; Alonso et al., 1999) and it has been suggested that 
these migratory flows represent diversions from the default 
RMS {Parent, 2003). Our finding that doublecortin was 
expressed increasingly strongly as cells approach the in- 
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Fig. 6. Neuronal differentiation in MCAO/TG Fa-treated animals. Each column in the figure represents one neuronal marker colocalized with BrdU 
within a single field of cells. (A-C) Three-dimensional representations of each fie!d of ceISs showing colocalization of the neuron marker with multiple 
BrdU-positive cells, indicated by arrowheads. The neuron marker (in green) is made partially transparent to facilitate viewing of the inner BrdU-posiSive 
nucleus. (D-F) Orthogonal representations from a single plane in each z-stack showing cotocalization of one cell at the intersection point of the red 
and green lines. (G-L) Projections of the entire z-stack into a single plane with each marker. (M, N) Quantification of cells co-labeled by BrdU and a 
neuron fate marker In terms of both cells per millimeter cubed and tlie total number of cells. The difference between DARPP/BrdU-, and 
NeuN/BrdU-labeled cells in both experimental and control animals was significant, P<0,05 unpaired (-test, n=6. Scale bar3=20 (im (A-F). For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. 
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Fig. 7. Behavioral recovery. Mean scores (±SEM) for the groups of rats in both the corner test and cylinder tests before and a1 
MCAO. Values from stiam-operated controls (sham/PBS and sham/TGFa) are approximately unchanged over the testing period, in the corner 
test there is a statislically significant decrease in turning behavior 1 month after growtti factor infusion (TGFa) animals at day 14 are significantly 
different from day 71 (ANOVA test: " P<0.001), also from shams Infused with PBS or TGFa (* P<0.05). The ANOVA P-value between groups 
is 1.14E-15. Baseline scores are the averages of three consecutive days of normal, pre-lesion activity at the beginning of the study period). 
Similarly, in the cylinder test the statistical differences of TGFa animals at day 71 (ANOVA test): ** P<0 0.001 (compared to TGFq at day 14, 
beginning of the post-injury period) are significant compared to shams infused with PBS or TGFq {* P<0,05). The ANOVA P-value between 
groups is of 2.83E-22. 



farct as well as the GFAP expression both in the striatum 
and CC may be consistent with that concept. However, the 
intense GFAP expression that we observed at the site of 
the infarct may be indicative of reactive gliosis and the 



formation of a glial scar (Buffo et a!., 2008; Pekny and 
Nilsson. 2005). Thus while the proliferative response to 
TGFa appears to be a generalized phenomenon that is 
shared in common across two types of neural injury, the 
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pattern of migration and destination of the newly generated 
cells is dependent on the injury so that the new cells are 
traveling to the locations where they are needed along 
pathways that reflect the location of the injury. 

Eight weei<s after the MCAO, and 4 weeks after the 
onset of TGFq: administration we found a large number of 
BrdU-labeled cells expressing neuronai-fate markers, and 
some of these ceils also showed the morphological char- 
acteristics of neurons. Many cells also expressed dou- 
blecortin suggesting they matured along stereotypical dif- 
ferentiation pathways. High levels of neuronal differentia- 
tion have been reported in several previous studies of 
stroite and other brain injuries, and our results are in 
general agreement with those reports except that we found 
greater numbers of neurons (Arvidsson et al., 2002; Parent 
et al., 2002; Zhang et al.. 2001a; Lichtenwainer and Par- 
ent, 2006). These results indicate that the TGFa treatment 
significantly increased the yield of neurons produced in the 
injury response. Although we did not examine the long- 
term survival of these neurons, the behavioral data in the 
chronic animal indicate that many of them became func- 
tionally integrated. 

It has been reported previously that the systemic 
administration of TGFa may impair neuronal differenti- 
ation, at least in the PD model, perhaps by preventing 
cells from exiting the cell cycle (Cooper and Isacson, 
2004; de Chevigny et al., 2008). This idea seems sub- 
stantiated by several other studies which report that 
growth factor causes neural cells to undergo dedifferen- 
ttation, including reversion to earlier phenotypic stages, 
reduced migration and increased proliferation (Doetsch 
et al., 2002; Sharif et al., 2007). Although these effects 
probably occur in our MCAO model, they seem to have 
been outweighed by the propensity of new cells to travel 
to the injury site and differentiate. Several factors may 
account for this outcome. First is the delay between 
MCAO Injury and the onset of TGFa administration 
which distinguishes this model from the PD/TGFa 
model. This interval between the two stimuli may have 
provided enough reduction in the overall stimulating ef- 
fect to allow for greater differentiation than would be 
possible when the stimuli are contemporaneous. A sec- 
ond possibility is that stroke injuries are more likely to 
lead to subsequent neurogenesis, compared with inju- 
ries resulting from a 6-OHDA lesion. A third factor is that 
we assessed neuronal differentiation at 8 weeks after 
the stroke injury, which is later than in many other 
studies. 

Perhaps the most important question in these studies 
is whether the newly generated neurons can functionally 
integrate into the adult brain and contribute to behavioral 
recovery. Our TGFa-treated animals certainly experienced 
a more complete behavioral recovery (99% on tests de- 
signed to evaluate stroke damage) than did animals relying 
upon only the endogenous response. We presume that 
since the most significant difference between the control 
and treated animals appears to be the response elicited by 
TGFa along the ventricle, these additional cells are prob- 



ably responsible for the additional behavioral improve- 
ment. 

It has long been thought that the adult mammalian 
brain possesses a limited capacity for regeneration, be- 
cause of the scarcity of proliferating cells and because 
of the limited ability of adult mammals to show behav- 
ioral recovery from brain injuries. However, this view has 
been revised in recent decades by the discovery of 
neurogenesis in the SVZ and dentate gyrus (Lichtenwai- 
ner and Parent, 2006). Although these regions are 
thought to supply neuron precursors to well-defined re- 
gions (the olfactory bulb and hippocampus respectively) 
there is increasing evidence that cells on the migratory 
pathways supplying these areas can be partially di- 
verted to other destinations including the striatum and 
cortex (Lichtenwainer and Parent, 2006). The evidence 
also suggests that local precursor cells are present 
throughout the brain (Reynolds et al., 1992; Sharif et al., 
2007) such that a low level of endogenous neurogenesis 
from persistent germinal zones and dispersed precur- 
sors may be possible in the adult (Lichtenwainer and 
Parent, 2006). Our data clearly show the activity of 
TGFa in promoting PMD in the CNS after injury in the 
adult rat brain. Together with the recent discovery that 
the human brain undergoes postischemic neurogenesis 
(Jin et al., 2006) the results encourage the idea of TGFa 
could be used as a therapeutic agent in humans. 
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Epidermal Growth Factor and Fibroblast Growth Factor-2 Have 
DifFerent Effects on Neural Progenitors In the Adult Rat Brain 

H. Georg Kuhn,^ Jurgen Winkler,^-^ Gerd Kempermann,^ Leon J. Thai,^-^ and Fred H. Gage^ 

Laboratory of Genetics, The Salk Institute, l-aJolla, California 92186, ^Department of Neurosciences, University of 
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Neurons and glia are generated throughout adulthood from 
proliferating celis in two regions of the rat brain, the subven- 
tricufar zone (SVZ) and the hippocampus. This study shows that 
exogenous basic fibroblast growth factor (FGF-2) and epider- 
mal growth factor (EGF) have differentlai and site-specific ef- 
fects on progenitor cells in vivo. Both growth factors expanded 
the SVZ progenitor population after 2 weeks of intracerebro- 
ventricular administration, but only FGF-2 induced an increase 
in the number of newborn ceils, most prominently neurons, in 
the olfactory bulb, the normal destination for neuronal progen- 
itors migrating from the SVZ, EGF, on the other hand, reduced 
the total number of newborn neurons reaching the olfactory 
bulb and substantially enhanced the generation of astrocytes in 
the olfactory bulb. Moreover, EGF increased the number of 
newborn cells in the striatum either by migration of SVZ cells or 



The adult CNS appears to have only limited potential to generate 
new neurons, making it vulnerable to injury and disease. How- 
ever, certain areas of the brain retain the capacity for neurogen- 
esis well into adulthood (Aitman and Das, 1965; Kuhn et al., 
1996). In the adult rodent a rapidly dividing population of stem 
cells in the subventricular zone (SVZ) of the lateral ventricle 
generates all neural cell types: neurons, astrocytes, and oligoden- 
drocytes (Lewis, 1968; Privat and Leblond, 1972; Corotto et al., 
1993; Lois and Alvarez-Buylla, 1993; Morshead et al., 1994; 
Goldman, 1995; Hauke et al., 1995). From the SVZ neuronal 
progenitors migrate tangentially (sagittaliy) along the rostral mi- 
gratory stream (RMS) into the olfactory bulb (OB), where they 
differentiate into granule and periglomerular neurons (Corotto et 
al., 1993; Lois and Alvarez-Buylla, 1993, 1994; Luskin, 1993; 
Goldman, 1995; Lois et a!., 1996). In contrast, glial progenitor 
cells migrate radially into neighboring brain structures such as 
striatum, corpus callosum, and neocortex (Levison and Goldman, 
1993; Levison et al., 1993; Luskin and McDermott, 1994). In the 
hippocampal dentate gyrus of adult rats, neural precursor cells 
continue to proliferate and differentiate into granule cells 
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by stimulation of local progenitor cells. No evidence of neuronal 
differentiation of newborn striatal cells was found by three- 
dimensional confocal analysis, although many of these new- 
born cells were associated closely with striatal neurons. The 
proliferation of hippocampal progenitors was not affected by 
either growth factor. However, EGF increased the number of 
newborn glia and reduced the number of newborn neurons, 
similar to the effects seen in the olfactory bulb. These findings 
may be useful for elucidating the in vivo role of growth factors 
in neurogenesis in the adult CNS and may aid development of 
neuronal replacement strategies after brain damage. 

Key words: subventricular zone; hippocampus; epidermal 
growth factor; basic fibroblast growth factor; intracerebroven- 
trlcular administration; progenitor cells; stem cells; proliferation; 
neurogenesis; gliogenesis 



(Kaplan and Hinds, 1977; Kaplan and Bell, 1983; Cameron et al., 
1993; Kuhn et al., 1996). 

To be able to manipulate the endogenous adult progenitors, we 
believe it is crucial to determine the extracellular signals that can 
stimulate cell division and regulate the fate of these neural stem 
and progenitor ceils (Cattaneo and McKay, 1991; Gage, 1994), 
Recently, several groups successfully have isolated and propa- 
gated adult neural progenitor cells in vitro (Reynolds and Weiss, 
1992; Richards et al., 1992; Lois and Alvarez-Buylla, 1993; 
Vescovi et al., 1993; Morshead et al., 1994; Gage et al., 1995a; 
Palmer et al., 1995; Gritti et al., 1996). Dissociated cells from the 
SVZ and the hippocampus required basic fibroblast growth factor 
(FGF-2) or epidermal growth factor (EGF) for proliferation and 
long-term survival in vitro. Some of these cells retain the ability to 
generate both neurons and glia, suggesting that newborn cells of 
the aduh brain may originate from stem cell-like progenitors 
(Morshead et al., 1994; Gage et a!., 1995a; Palmer et al., 1995; 
Gritti et al., 1996; Suhonen et al., 1996). 

The possibility that growth factors also may influence neural 
progenitors in vivo has been supported by findings that intrace- 
rebroventricular administration of EGF expanded proliferative 
progenitors in the SVZ of adult mice (Craig et al., 1996). Numer- 
ous newborn cells were found in the adjacent striatum, septum, 
and cortex, and a small portion of these cells expressed neuronal 
antigens. 

The goal of the present study was to explore systematically the 
effects of FGF-2 or EGF on the proliferation and differentiation 
of neural progenitor cells in the SVZ/OB system and the dentate 
gyrus of adult rats. FGF-2, EGF, or artificial CSF (aCSF) were 
chronically infused into the lateral ventricle. The proliferative 
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zones, migratory paths, and areas of neuronal differentiation were 
analyzed quantitatively for the number and phenotype of new- 
bom cells. 

MATERIALS AND METHODS 

Animals and surgery 

Male Fischer'344 albino rats (n = 30; Harlan Sprague Dawley, India- 
napolis, IN) were used in this experiment. The animals were 13-14 
weeks old and weighed between 260 and 300 gm at the start of the 
experiment. Anesthesia was induced by an intramuscular injection con- 
sisting of 62.5 mg/kg ketamine (Ketaset, 100 mg/ml, Bristol Laborato- 
ries, Syracuse, NY), 3.175 mg/kg xylazine (Rompun, 20 mg/ml, Miles 
Laboratories, Shawnee, KS), and 0.625 mg/kg acepromazine maleale 
(10 mg/ml, TechAmerica Group, Elwood, KS) dissolved in 0.9% sterile 
saline. Rats were mounted in a small animal stereotaxic apparatus 
(David Kopf, Tujunga, CA) with bregma and lambda in the same 
horizontal plane, A stainless steel cannula (28 gauge, Plastic Products, 
Roanoke, VA) was implanted in the lateral ventricle [anteroposterior 
(AP) -1-8.5 mm, lateral +1.5 mm from the center of the interaural line in 
flat skull position; cannula length, 5 mm] and connected by 3.5 cm vinyl 
tubing (size V/4, Bolab, Lake Havasu City, AZ) to an osmotic minipump 
(model 2002, Alza, Palo Alto, CA). Human recombinant EGF (30 fig/ml, 
Promega, Madison, WI) or FGF-2 (30 f*g/ml, A. Baird, Prizm Pharma- 
ceuticals, San Diego, CA) was dissolved in aCSF [(in mM): 148 NaCl, 3 
KCl, 1.4 CaClj, 0.8 MgClj, 1.5 Na^HPO^, and 0.2 NaH^PO.^, pH 7.4] 
containing 100 /xg/ml rat serum albumin (Sigma, St. Louis, MO). An 
antibiotic (gentamycin, 50 ;ig/ml, Sigma) was included in the infusate. 
The animals received EGF (n = 10), FGF-2 {n = 10), or aCSF (« = 10) 
at a flow rate of 0.50 jxl/hr, resulting in a delivery of 360 ng of growth 
factor per day for 14 d. During the last 12 d of the pump period animals 
received daily intraperitoneal injections of bromodeoxyuridine (BrdU, 
50 mg/kg, Sigma). At the end of the treatment one-half of the animals 
(n = 5 per group) were anesthetized deeply and perfused intracardially 
with 4% paraformaldehyde in 100 mM phosphate buffer, pH 7.4. Brains 
were removed, post-fixed overnight in 4% paraformaldehyde, and trans- 
ferred to 0.32 M sucrose. In the remaining one-half of the animals the 
pumps were removed under methoxyflurane anesthesia. The vinyl tubing 
was ligated with sterile nonabsorbable black monofilament nylon (3-0 
Dermalon, American Cyanamid, Danbury, CT). These animals were 
perfused after an additional 4 week period without growth factor 
infusion. 

Histology 

The brains were cut in three parts, providing material for (1) coronal 
sections of the SVZ and hippocampus and sagittal sections of the (2) OB 
and (3) cerebellum. Sections (40 fjtm) were cut with a sliding microtome 
and stored at -20''C in a cryoprotectant solution (glycerol, ethylene 
glycol, and 0.1 M phosphate buifer, pH 7.4, 3;3:4 by volume). 

Antibodies and immunochemicals. The following antibodies and final 
dilutions were used: mouse (mo) ct-BrdU (1;400, Boehringer Mannheim, 
Indianapolis, IN), rat a-BrdU (1:100, Accurate, Westbury, NY), mo 
a-PSA-NCAM (1:2500, clone MenB kindly provided by Dr. G. Rougon, 
University of Marseille, Marseille, France), mo a-NeuN (1:20, clone A60 
kindly provided by Dr. R. Mullen, University of Utah, Salt Lake City, 
UT), rabbit a-SlOO^ (1:5000, Swam, Belhnzona, Switzerland), biotiny- 
lated horse a-mouse IgG (1:160, Vector Laboratories, Burlingame, CA), 
avidin-biotin-peroxidase complex (1:100, Vectastain Elite, Vector Lab- 
oratories), and donkey a-rat-FITC, ct-mouse-Texas Red, and a-rabbit- 
CY5 (all 1:300, Jackson InununoResearch, West Grove, PA). 

Immmoperoxidase. Free-floating sections were treated with 0.6% 
HjOj in TBS (0.15 m NaCl and 0.1 m Tris-HCl, pH 7.5) for 30 min to 
block endogenous peroxidase. For DNA denaturation, sections were 
incubated for 2 hr in 50% fonnamide/2x SSC (0.3 m NaCl and 0.03 m 
sodium citrate) at 65°C rinsed for 5 min in 2x SSC, incubated for 30 min 
in 2N HCl at 37°C, and rinsed for 10 min in 0.1 M boric acid, pH 8.5. 
Several rinses in TBS were followed by incubation in TBS/0.1% Triton 
X-100/3% normal horse serum (TBS-Ths) for 30 min and incubation 
with mo a-BrdU antibody in TBS-Ths overnight at -f-4°C. After being 
rinsed in TBS-Ths, sections were incubated for 1 hr with biotinylated 
horse a-mouse antibody. With intermittent rinses in TBS, avidin-biotin- 
peroxidase complex was applied for 1 hr, followed by peroxidase detec- 
tion for 5 min (0.25 mg/ml DAB, 0.01% HjOj, 0.04% NiCl). 

Immunofluorescence. Sections were treated for DNA denaturation as 
described above, followed by several rinses in TBS and incubation in 



A 




Figure 1. Analysis of the subventricular zone {SVZ) and olfactory bulb. 
A, Sagittal view of the rat brain illustrating the anatomical sites of 
progenitor proliferation in the SVZ, migration along the rostral migratory 
stream (RMS), and differentiation in the olfactory bulb (OB). Hatched bar 
indicates position of coronal view in B. B, Coronal plane of the lateral 
ventricle with the corpus caliosum (CC), medial septum (MS), and stria- 
tum (Str). Three areas in the SVZ (ventral, lateral, and dorsal squares, 
50 X 50 ;im) and one area in the striatum {/oige rectangle, 300 X 600 /im) 
were analyzed for BrdU-positive ceUs on each section. C, Parasagittal 
plane of frontal cortex and olfactory bulb. Two areas of the RMS (smalt 
squares, 50 X 50 (xm) and four areas of the OB granule cell layer (large 
squares, 100 X 100 )xm) were analyzed for BrdU-positive cells and 
colabeling with NeuN or S 100)3. 



TBS/0.1% Triton X-100/3% normal donkey serum (TBS-Tds) for 30 
min. Primary antibodies were applied in TBS-Tds for 48 hr at +4°C, 
rinsed in TBS three times for 10 min, and blocked in TBS-Tds for 10 
min. Antibodies were detected with donkey ff-rat, mouse, or rabbit 
coupled to FITC, Texas Red, or CY5 for 2 hr. Fluorescent signals were 
detected and processed by a confocal scanning laser microscope (Bio- 
Rad MRC1024, Hercules, CA) and Adobe Photoshop (Adobe Systems, 
Mountainview, CA). 

Quantification 

Quantification of BrdU-positive cells was accomplished with unbiased 
counting methods. The optical disector procedure (Sterio, 1984) was 
used to determine the three-dimensional numerical density of BrdU- 
positive cells, which is expressed as cells/mm Structures were sampled 
either by selecting predetermined areas on each section (Fig. 1; SVZ, 
striatum, RMS, and OB) or by analyzing entire structures on each section 
(dentate gyrus and cerebeUum). In the latter case we used a point- 
counting grid for determination of the sampling volume via the Cavalieri 
method (Michel and Cruz-Orive, 1988). 

Lateral ventricle and striatum. Every ]2th section from a corona! series 
of the striatum was selected between AP -1-10.6 mm — genu corpus 
caliosum — and AP +8.74 mm — anterior commissure crossing (Paxinos 
and Watson, 1986). As illustrated in Figure IB, BrdU-positive cells were 
counted in three predetermined areas (50 X 50 fim) of the lateral 
ventricle wall on all selected sections. A rectangular area of the striatum 
(300 X 600 fim) was selected at a 50 ftm distance from the lateral 
ventricle wall and analyzed on each section. All BrdU-positive nuclei in 
these selected areas were counted and presented as the number of cells 
(in thousands)/mm=' (Table 1). 

RMS and OB. Every sixth section (40 fxm) from sagittal series of the 
OB/frontal cortex was selected and stained for BrdU immunohistochem- 
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Table 1. Density and cell fa 

Area 


e of newborn cells in the subveutdcular zo 

aCSF 


ae, oUacfory bulb, and striatum 
FGF-2 


EGF 




Subvenfricular zone 










1 d after infusion 










Cannula side 


62.2 ± 9.8 


208.5 ± 62.2'* 


595.5 ± 133.1' 




Contralateral side 


37.1 ± 8.1 


32,6 ± 4.4 


70.3 ± 9.9** 




4 weeks after infusion 










Cannula side 


30.6 ± 10.7 


104.8 ± 27.7" 


153.6 ± 27.8*' 




Contralateral side 


1.3.3 ± 3.9 


13.5 ± 2.7 


88.0 ± 11.8** 




Rostral migratory str. 










1 d after infusion 


915.5 ± 50.0 


714.4 ± 38.0* 


368.8 ± 25.0* 




Olfactory bulb 










4 weeks after infusion 










Total 


40.9 ±2.0 (100) 


46.9 ±1.2* (100) 


16.3 ± 1.6" 


(100) 


Neurons 


39.3 ±1.6 (96) 


45.2 ± 0.9* (96) 


11.8 ± 1.5'* 


(72) 


Astrocytes 


0.16 ±0.11 (<0.1) 


0.26 ±0.10 (<0.1) 


2.26 ± 0,54* 


(14) 


Striatum 










4 weeks after infusion 










Total 


2.8 + 0.4 (100) 


6.1 ± 0.8'* (100) 


12.3 ± 3.5** 


(100) 


Neurons 


0 (0) 


0 (0) 




0 (0) 


Astrocytes 


0.2 ±0.1 (6) 


1.4 ± 0.4'* (22) 


4.5 ± 1,4** 


(39) 


BrdU*/satellite ceUs 


1.1 ± 0.1 (40) 


3.2 ±0.5' (53) 


5.2 ± 1.1' 


(46) 


BrdU*/sat./astrocytes 


0.05 ± 0.03 (1,8) 


0.6 ± 0.2* (10) 


1.7 ± 0.7* 


(14) 



The brain areas were selected for unbiased quantification, as shown in Figure 1. Densities of newborn cells after aCSF, FGF-2, and EGF infusion are pi 
number of BrdU-positive cells (in thousands) per nitn^ ± SEM. -p < 0.05; "'p < 0.01. To determine the cell type of BrdU-positive cells 4 weeks after inf 
as a marker for neurons and SIOOP for astrocytes. Percentages of ceil types (numbers in parentheses) are based on the total density of BrdU-positive 



istry. As depicted in Figure IC, two predetertnined areas (50 x 50 fixa) 
in the RMS and four areas (100 x 100 ixm) in the granule cell layer 
(GCL) of the OB were analyzed on each section. All BrdU-positive 
nuclei in these selected areas were counted and presented as the number 
of cells (in thousands)/fflin^ (Table 1). 

Dentate gyrus. Every 12th section (40 /im) from a coronal series was 
selected from each animal and processed for immunoperoxidase. Six 
sections from the dorsal hippocampus (AP -1-5.86 to +2.96 mm) were 
analyzed entirely for BrdU-positive cells in the molecular layer, the 
GCL, and the hilus. The subgranular zone, defined as a two-cell body- 
wide zone along the border of the GCL and the hilus, always was 
combined with the GCL for quantification. All BrdU-positive nuclei in 
these selected areas were counted and presented as cells (in thousands)/ 
mm 3 (Table 2). 

Cerebellum. On two sagittal sections of the cerebellum the fourth 
lobulus was analysed entirely for the density of BrdU-positive cells in the 
molecular layer, GCL, and white matter. Ceil numbers are expressed as 
BrdU-positive cells (in thousands )/mm ' (Table 2). 

Statistical analysis was performed with one-way ANOVA, followed by 
post hoc comparison with the Tukey post hoc test. 

RESULTS 

To study the efEect of growth factors on the proliferation of adult 
neural progenitor cells in vivo, we chronically infused EGF, 
FGF-2, or aCSF for 2 weeks into the lateral ventricle of adult rats, 
using osmotic rninipumps. BrdU was administered intraperitone- 
ally during the period of growth factor infusion to label dividing 
cells. Animals either were killed on the last day of growth factor 
infusion to analyze the mitotic effect of the growth factors or were 
kept for an additional 4 weeks after terminating growth factor 
infusion to study the differentiation of the newborn cells. Both 
systems of adult neurogenesis, the SVZ/OB and dentate gyrus, 
were analyzed for BrdU-positive ceils. The cerebellum served as 
a control area in the adult rat brain because it lacks detectable 
neurogenesis. To quantify the proliferation of neural progenitor 
cells and the survival of newborn cells after growth factor infu- 
sion, we determined the density of BrdU-positive cells by stereo- 



logical counting techniques. To characterize cell fate, we com- 
bined BrdU labeling with the astroglial marker SlOOft which 
labels astrocytic cell bodies (Boyes et al., 1986), and the neuronal 
marker NeuN, which recognizes neuronal cell bodies and nuclei 
(Mullen et al., 1992). The percentage of BrdU-positive cells 
colabeled either with NeuN or SlOOjS was determined by triple 
immunofluorescence and confocal laser scanning microscopy and 
was multiplied by the overall density of BrdU-positive cells to 
determine the density of newborn neurons and astrocytes. 

EGF effects on proliferation and differentiation of 
neural progenitors 

Infusion of EGF induced a striking proliferation of the SVZ 
precursor population. Expansion of BrdU-positive cells was most 
pronounced in the lateral wall of the lateral ventricle (Fig. 2C). In 
addition, newborn cells were found in the medial and posterior 
circumference of the lateral ventricle, suggesting that progenitors 
also were recruited to divide in "quiescent" areas of the SVZ. 
Infusion of EGF resulted in "polyp-like" hyperplasias of the 
ventricle wall, which consisted of BrdU-positive cells that were 
immunonegative for either 5100^3 or NeuN (Fig. 3). These EGF- 
induced hyperplasias had regressed completely after 4 weeks 
(Fig. 3Q. 

Quantification of the SVZ revealed a ninefold increase in the 
density of newborn cells over aCSF controls immediately after 
EGF infusion. The number of labeled cells present after 4 weeks 
remained increased relative to controls (Fig. 2, Table 1). There 
was also an increase in the number of labeled cells observed in 
adjacent areas, particularly in the striatum (Fig. 4C, Table 1), but 
also in cortex and septum (Fig. 4F,/), where the majority of 
newborn cortical cells was detected around the cannula tract (Fig. 
4F). Interestingly, in the striatum triple labehng of BrdU-pOSitive 
EGF-generated striatal cells with BrdU, NeuN, and SlOOjS re- 
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Table 2. Density and cell fctc of newborn cells in the dentate gyrus and cerebellum 

Area aCSF FGF-2 EGF 



Dentate gyrus 
] d after infusion 



Granule cell layer 


5.60 ± 0.49 


4.87 ± 1.06 


7,77 ± 1.10 


Hilus 


1.09 ± 0.34 


1.14 ± 0.22 


2.06 ± 0.59 


Molecular layer 


0.66 ± 0.11 


0.92 ±0.17 


3,69 ± 0.32** 


4 weeks after infusion 








Granule cell layer 








Total 


3.44 ± 0.56 (100) 


3.25 ± 0.32 (100) 


2.84 ± 0.89 (100) 






2.91 0.27 (90) 


].50 ± 0.52" (53) 


Astrocytes 


0.01 ± 0.01 (0.2) 


0.01 ± 0.01 (0.2) 


1.13 ± 0.35" (40) 


Hilus 


0.57 ± 0.17 


0.67 ± 0,14 


1.02 ± 0,22 


Molecular layer 


0.62 ± 0.07 


0.70 ± 0.10 


2.32 ± 0.47** 


erebellum 








1 d after infusion 








Molecular layer 


0.081 ± 0.019 


0.160 ± 0.035 


0.133 ± 0.027 


Granule cell layer 


0.065 ± 0.027 


0.113 ± 0.007 


0.065 ± 0.025 


White matter 


0.084 ± 0.041 


0.050 ± 0.031 


0.082 ± 0.018 


4 weeks after infusion 








Molecular layer 


0.069 ± 0.008 


0.073 ± 0.016 


0.094 ± 0.009 


Granule cell layer 


0.079 ± 0.007 


0.084 ± 0.021 


0,123 ± 0.017 


White matter 


0.079 ± 0.012 


0.095 ± 0.028 


0.152 ± 0.027 



The brain areas were quantified by unbiased sampling methods. Densities of newborn cells after aCSF, FGF-2, and EGF infusion are presented as the mean number of 
BrdU-positive cells (in thousands) per mm^ ± SEM. "pKOM. To determine the cell type of BrdU-positive cells in the dentate gyrus 4 weeks after infusion, we used NeuN 
as a marker for neurons and SlOO^ for astrocytes. Percentages of cell types (numbers in parentheses) are based on the total density of BrdU-positive cells. 



vealed no BrdU-Iabeied neurons. Although a large number of 
BrdU-positive nuclei (45%) were associated closely with neurons, 
three-dimensional confocal analysis revealed that the BrdU- 
positive nuclei belonged to a cell body located in a different focal 
plane (Fig. 5). These closely attached BrdU-positive cells fre- 
quently colabeled (up to 30%) with SlOOp, suggesting that these 
cells were satellite cells of glial origin. Because this finding stands 
in contrast to a previous report of EGF-induced neurogenesis in 
the adult mouse striatum (Craig et al,, 1996), we reanalyzed the 
sections from the striatum and cerebral cortex of each EGF- 
treated animal (4 weeks after infusion) looking for cells that 
appeared to be double-labeled for BrdU and NetiN. Detailed 
confocal z-series analysis of 20 cells per animal revealed invari- 
ably that none of the BrdU-positive nuclei was contained within 
a NeuN-positive neuron. Thus, of a total of >2800 newborn cells 
scored, none were neurons. 

Many of the cells bom in the SVZ migrate along the RMS into 
the OB, where they differentiate into neurons (Corotto et al., 
1993; Lois and Alvarez-Buylla, 1993), On their way to the OB the 
progenitor cells can undergo cell division as well as differentiation 
into neuroblasts that express early neuronal markers like TuJI 
(Bonfanti and Theodosis, 1994; Thomas et al, 1996), Four weeks 
after infusion no residual BrdU-positive cells could be detected in 
the RMS (Fig. 6F). Although more cells are bom in the SVZ in 
response to EGF treatment, significantly fewer BrdU-positive 
cells (40% of aCSF control) are present in the RMS (Fig. 6C, 
Table 1). The number of newborn cells that reached the OB after 
4 weeks of EGF infusion also was reduced significantly (40% of 
the aCSF control. Table 1). PSA-NCAM, the polysialylated form 
of the neural cell adhesion molecule, appears to be required for 
migration of neuronal precursors within the RMS (Ono et al., 
1994; Hu et al., 1996), Although PSA-NCAM expression was not 
quantified, it was detected by immunofluorescence labeling in all 



experimental groups (Fig. 6^-C). Therefore, EGF-induced re- 
duction of newborn SVZ cells in the RMS was not attributable to 
the absence of PSA-NCAM after growth factor treatment. Triple 
immunofluorescence showed that the population of newborn cells 
that reached the GCL of the OB in control animals consisted of 
—96% neurons and <0,1% astrocytes, whereas EGF not only 
reduced the number of cells reaching the bulb but also shifted the 
ratio toward a ghal Hneage (72% neurons/14% astrocytes) (Fig. 7, 
Table 1). The absolute density of newborn glia increased from 160 
cells/mm^ in controls to 2260 cells/mm' (14-fold) after EGF 
treatment (Table 1). Therefore, the shift was not simply a relative 
increase in newborn glia because of a decrease in newborn neu- 
ronal cells but also indicated an increased de novo gliogenesis. 

Within the hippocampus, cells bom at the boundary between 
the hilus and GCL migrate into the GCL before differentiating 
into neurons. All three layers of the hippocampal dentate gyrus 
(molecular layer, GCL, and hilus) were analyzed for the density 
of newborn cells after EGF treatment. The molecular layer of 
EGF-treated animals demonstrated a significant increase in the 
number of BrdU-positive cells. The majority of these cells was 
found in the immediate vicinity of the wall of the third ventricle. 
In the hilus and GCL, where neurogenesis normally occurs, the 
number of newborn cells was not altered significantly at the end of 
EGF infusion or 4 weeks later (Table 2). In aCSF-treated animals 
92% of the newborn cells differentiated into neurons and <1% 
into astrocytes. In contrast, EGF changed this ratio to 52% 
neurons and 39% astrocytes (Fig. 8, Table 2), inducing a shift 
toward the glial fate that was even more pronounced than in the 
OB, The absolute density of newborn glia increased from 10 
cells/mm 3 in controls to 1130 cells/mm^ (> 100-fold) after EGF 
treatment (Table 1). Even more prominent than in the OB, the 
shift toward glial differentiation was attributable to an increased 
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de novo gliogenesis and not merely a relative increase because of 
a decrease in newborn neuronal cells. 

FGF-2 effects on proliferation and differentiation of 
neural progenitors 

The density of newborn cells in the SVZ was increased by FGF-2, 
although to a lesser extent than by EGF, and the density of 
newborn cells into the adjacent striata! parenchyma was increased 
over aCSF controls (Figs. 25, 4S, Table 1). None of the BrdU- 
positive cells in the striatum of FGF-2-treated animals was 
double-labeled for NeuN, although some newborn cells in the 
striatum were juxtaposed closely to neuronal cell bodies, as seen 
in EGF animals. FGF-2 also decreased the number of BrdU- 
positive cells in the RMS at the end of infusion (Fig. 6B, Table 1). 
As with EGF infusion and in aCSF controls, no BrdU-positive 
cells were detectable in the RMS 4 weeks later (Fig. 6D-F). 
However, in contrast to the EGF animals, the number of BrdU- 
positive ceils found in the GCL of the OB 4 weeks after FGF-2 
infusion was increased significantly over controls (Table 1). This 
general increase in the density of newborn olfactory cells was 
accompanied by an increase of newborn neurons. The number of 
newborn glial cells was not altered significantly, although this was 
probably because of the infrequent detection of BrdU/SlOO^- 
positive cells and a resulting high variance (Table 1). 

In contrast to the SVZ/OB system, the generation of newborn 
cells in the hippocampal dentate gyrus was not affected by FGF-2 
treatment. The ratio between newborn neurons and astrocytes 
also was not altered 4 weeks after FGF-2 treatment, indicating 
that both proliferation and differentiation of hippocampal pro- 
genitors were unaffected by the growth factor (Fig. 8, Table 2). 

Analysis of newborn ceils in the cerebellum revealed no signif- 
icant changes at the end of growth factor treatment or 4 weeks 
after withdrawal of either growth factor (Table 2), indicating that 
this brain structure, which normally shows no adult neurogenesis, 
is unresponsive to these growth factors. 

DISCUSSION 

During development, growth factors provide important extracel- 
lular signals for regulating the proliferation and fate determina- 
tion of stem and progenitor cells in the CNS (Calof, 1995). By 
infusing EGF and FGF-2 into the lateral ventricle of adult rats, 
we could show that the two populations of progenitors that 
continue to divide in the adult brain respond differently to these 
growth factors in vivo. Proliferation of hippocampal progenitors 
was unaffected by either EGF or FGF-2, In contrast, proliferation 
of subventricular progenitor cells increased after both FGF-2 and 
EGF administration, with EGF having a more dramatic effect. 
These findings are consistent with numerous in vitro studies that 



have shown that both factors can maintain responsive neural 
progenitors in cell cycle, thus expanding the progenitor popula- 
tion and delaying differentiation (Richards et al., 1992; Vescovi et 
al., 1993; Morshead et al., 1994; Sensenbrenner et al., 1994; 
Bouvier and Mytilineou, 1995; Gage et al., 1995a; Gritti et al., 
1995, 1996; Palmer et al., 1995; Santa-Glalla and Covarrubias, 

1995) . 

FGF-2 had a strong mitotic effect on the SVZ progenitors in 
vivo, but the migration of newborn cells in the RMS was 
diminished during the infusion period. However, 4 weeks after 
FGF-2 infusion, a larger number of newly generated cells were 
detected in the OB, indicating an increased migration of SVZ 
progenitors after withdrawal of FGF-2. In vitro results suggest 
that FGF-2 has the potential to keep uncommitted progenitors 
in cell cycle and to delay differentiation (Vescovi et al, 1993; 
Bouvier and Mytilineou, 1995; Kilpatrick and Bartiett, 1995; 
Palmer et al., 1995; Grilti et al., 1996). The biphasic response 
of RMS cells to FGF-2 could be attributable to increased 
proliferation in the SVZ, which reduces progenitor cell migra- 
tion through the stream. After FGF-2 withdrawal a larger 
number of cells would be released into the RMS, generating 
more newborn cells in the OB 4 weeks later. Because 96% of 
the newborn olfactory cells differentiated into neurons, we 
conclude that FGF-2 had a stimulatory effect on the generation 
of OB neurons. However, because a very low number of new- 
born glial cells were detected here, conclusions about FGF-2- 
induced changes of the glial cell population in the OB are not 
possible. EGF infusion also expanded the SVZ precursor pop- 
ulation while decreasing the number of newborn cells in the 
RMS. However, in contrast to FGF-2, EGF withdrawal re- 
duced neurogenesis in the OB, whereas the genesis of astro- 
cytes was stimulated. Although olfactory neurogenesis in- 
volves separate areas for cell division (SVZ), migration 
(RMS), and differentiation (OB), recent studies have shown 
that cell division and neuronal commitment of progenitor cells 
can occur in the migratory stream (Bonfanti and Theodosis, 
1994; Menezes et al., 1995; Lois et al., 1996; Thomas et al., 

1996) . Astrocytes in the RMS are typically neither proliferat- 
ing nor participating in the migration (Lois and Aivarez- 
Buylla, 1994; Lois et al., 1996). We assume that EGF acts on 
proliferation primarily in the SVZ and on differentiation pri- 
marily in the OB but also is influencing cells in the RMS, 

Progenitor populations in SVZ and hippocampus were affected 
differently by EGF, EGF had no proliferative effect on hippocam- 
pal progenitors, whereas even progenitors in quiescent areas of 
the SVZ, such as the medial and posterior regions of the ventric- 
ular wall, were recruited by EGF to enter the cell cycle. Normally, 



Figure 2. BrdU-positive ceUs in the SVZ at the end of and 4 weeks after intracerebroventricuiar infusion of aCSF (A, D), FGF-2 (B, E), and EGF (C, 
F). Note the large expansion of the SVZ and the density of newborn cells in the striatum after FGF-2 administration ( B), which are even more dramatic 
after EGF administration (C). Proliferation was more pronounced on the side of the cannula, as compared with the contralateral side. Four weeks after 
growth factor withdrawal, a high density of BrdU-positive ceils was still present in the SVZ of EGF-treated animals (F). Scale bar in A, 50 jxm. 

Figure 3. "Polyp-like" hyperplasia in the SVZ of EGF-treated animals at the end of treatment (2 weeks). /4, High density of BrdU-positive cells at the 
convex pole of a hyperplasia, which protrudes into the CSF-filled ventricle. B, BrdU-positive cells are immunonegative for neuronal (NeuN, red) and 
astrocytic markers (SlOO/3, blue). The ependymal layer (SlOOp, blue) is discontinuous (arrows) in areas of growth. C, Density of BrdU-labeled cells is 
still increased; however, the hyperplastic changes completely regress 4 weeks after EGF withdrawal. Scale bars iny4, C, 25 ij,m. 

Figure 4. Increased number of BrdU-positive cells in the striatum {A-C), cortex (D~F), and medial septum (G-T) of EGF- and FGF-2-treated animals 
at the end of infusion. D-F, Note the increase of BrdU-positive cells along the cannula tract in the cerebral cortex (on the left side of the images). Shown 
are confocal microscopic images with immunofluorescent triple labeling for BrdU {green), NeuN {red), and SlOO/3 {blue). Scale bar in^, 200 jxm. 
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the majority of precursor cells from the SVZ and hippocampus 
differentiates into neurons in their appropriate target regions 
(Kaplan and Hinds, 1977; Bayer, 1983; Cameron et al., 1993). 
However, in animals treated with EGF, the ratio of newborn 
neurons to astrocytes was altered, favoring glial diilerentiation, 
Among others, three alternative underlying cellular mechanisms 
are possible. (1) EGF could have opposite effects on separate glial 
and neuronal precursor populations, thus inducing proliferation 
of glial and reducing proliferation of neuronal progenitors. (2) 
Another explanation involves the eScct of cell death on changes 
in progenitor populations. Developmental studies have shown 
direct evidence (Gould et al., 1991; Naruse and Keino, 1995; 
Blaschke et al., 1996) and studies of adult neurogenesis have 
shown indirect evidence (Morshead and van der Kooy, 1992) that 
naturally occurring cell death might play an important role in 
controlling the number of neuronal progenitors from SVZ and 
hippocampus. Therefore, general stimulation of proliferation by 
EGF in combination with increased cell death of neuronal pro- 
genitors could produce an increase in newborn glial cells without 
having a specilic stimulatory effect of ghal progenitors. The data 
from SVZ/OB could be interpreted in this way, because the 
increase in SVZ proliferation is equivalent to the increase in 
newborn OB glia. However, in the hippocampus the >100-fold 
increase in gliogenesis is not matched by a significantly higher 
proliferation. (3) The recent iinding that multipotent neural stem 
cells exist in the adult rodent brain (Kilpatrick and Bartlett, 1993; 
Lois and Alvarez-Buylla, 1993; Morshead et al., 1994; Gage et al., 
1995b; Palmer et al., 1995; Gritti et al., 1996; Reynolds and Weiss, 
1996; Svendsen et al., 1996) suggests that EGF infusion could 
stimulate proliferation of stem cells in the brain but also could 
influence the fate of these multipotent cells toward a glial lineage. 

The hmited effect of FGF-2 on hippocampal progenitors in vivo 
contrasts with previous reports of the ability of FGF to maintain 
proliferative hippocampal progenitors in vitro (Ray et al., 1993; 
Gage et al,, 1995a). It may be possible that hippocampal progen- 
itors in their natural environment are not responsive to exoge- 
nous FGF-2 in the dose provided in this study. Alternatively, low 
penetration efficiency might reduce the availability of FGF-2 in 
the brain parenchyma (Gonzalez et al., 1994). Improved penetra- 
tion could be achieved by addition of soluble FGF-binding mol- 
ecules, such as heparan sulfate proteoglycans, to the infusion 



solution to prevent rapid absorption of FGF-2 by extracellular 
matrix molecules during infusion (Rapraeger et al., 1994). 

Our findings are in part consistent with and in part in contrast 
to a recent study in adult mice (Craig et al., 1996). As in our study, 
EGF induced an expansion of the SVZ and an increased density 
of newborn cells into the adjacent striatum, cortex, and septum 
(Fig. 4). Whether the newborn cells migrated into these areas or 
were stimulated locally cannot be decided from our data, because 
multiple BrdU injections prevent the exact determination of birth 
place and time for these cells. However, in contrast to our 
findings, immunofiuorescent double labeling of striatal and cor- 
tical cells with NeuN and BrdU in the previous study in mice 
(Craig et ai., 1996) had indicated that newborn cells showed a 
neuronal phenotype. In our study three-dimensional confocal 
analysis revealed that NeuN and BrdU invariably were detected 
in separate cells (Fig. 5). A portion of the BrdU-positive cells that 
were juxtaposed to the NeuN-immunoreactive neurons expressed 
SlOOjS, indicating that they were of astrocytic origin. Perineuronal 
satellite cells were described as early as 1913 by Ramon y Cajal as 
being positioned closely to neuronal perikarya and being of as- 
trocytic and oligodendrocytic origin (Penfield, 1932; Ludwin, 
1979, 1984). However, not all of the closely juxtaposed cells were 
SlOOjS-positive, so we cannot exclude the possibility that some of 
the "unclassified" cells are uncommitted progenitor cells, which 
may differentiate into neurons at a later time point. In summary, 
although some experimental conditions, such as continuous EGF 
infusion, daily EGF doses, and immunohistochemical markers 
(BrdU, NeuN, and SlOO/3), were comparable between the two 
studies, species differences (rat vs mouse) and, in particular, 
different histological analyses may account for the discrepancies. 

A surprising finding of chronic EGF stimulation was the induc- 
tion of pronounced hyperplasias in the ventricular wall, which 
protruded into the CSF-filled space (Fig. 3). Although receptors 
for both EGF and FGF-2 are expressed by subependymal cells 
(Gonzalez et al., 1995; Weickert and Blum, 1995; Craig et al., 
1996), only EGF induced this hyperplasia. Numerous studies have 
shown the involvement of the EGF receptor family in tumorogen- 
esis of the CNS (for review, see Berger et al., 1992; Collins, 1995; 
von Deimling et al., 1995). Four weeks after treatment the EGF- 
induced hyperplasia regressed completely, indicating that the con- 
tinuous presence of EGF was required for the abnormal growth. 



Figure 5. Close association of neurons with newborn cells (satellite cells). A, A NeuN-positive neuron (red and blade/white inset) appeared to be 
colabeled with BrdU in a merged image resembling a reguiar tluorescent microscope image. B-H, Z-series analysis revealed that the NeuN-positive 
neuronal cell body is situated in a different focal plane from the BrdU-positive nucleus. Note that the NeuN-positive nucleus with nucleolus is visible 
in C and the BrdU-positive nucleus in E and F, Scale bar in A, 10 ptm. 

Figure 6. Reduced rostral migration of BrdU-positive cells at the end of EGF and FGF-2 infusions. Compared with aCSF controls (/(), the number 
of BrdU-positive cells (green) in the RMS is decreased in FGF-2 (B) and decreased further in EGF-treated animals (C). However, PSA-NCAM {red), 
which is required for migration of progenitors within the RMS, is present in all groups. No BrdU-positive cells can be found at 4 weeks after infusion 
(D-F). Images D-F are immuno^uorescent double labelings for BrdU (green) and SlOO/3 (biue). Note that scanning parameters for the confocal 
microscope are identical for A-F. Scale bar in^, 50 (im. 

Figure 7. Cellular phenotype of newborn cells in the olfactory bulb. Cells in the olfactory granule cell layer were characterized at 4 weeks after infusion 
of aCSF (A), FGF-2 (B), or EGF (C) for BrdU (green), NeuN (red), and 5100/8 (blue). After aCSF or FGF-2 treatment the vast majority of newborn 
cells double labels for NeuN (green/red). Note the reduced number of BrdU-positive cells that reach the olfactory bulb in EGF-treated animals (C; see 
also Table 1). The differentiation of EGF-induced progenitors was shifted toward a ghal ]inea$e. Arrows indicate newborn astrocytes (green/blue). Scale 
bar in A, 20 ixm. 

Figure 8. Cellular phenotype of newborn ce!is in the dentate gyrus. Cells in the hippocampal granule cell layer were characterized at 4 weeks after 
infusion of aCSF (A), FGF-2 (B), or EGF (C) for BrdU (green), NeuN (red), and SlOO/3 (blue). After aCSF or FGF-2 treatment the vast majority of 
newborn cells double labels for NeuN (green/red). The differentiation of EGF-induced progenitors has shifted toward a glial lineage (C). Arrow indicates 
a newborn astrocyte (green/blue). Scale bar in A, 20 /xm. 
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In vitro models have been excellent tools for analyzing signals 
that influence the proliferation and fate of neural progenitor cells, 
but it has been difiScult to determine how well these in vitro 
observations relate to signaling in vivo. By testing mitogens 
known to be effective in vitro, we have been able to show that 
progenitor populations in the adult rodent brain respond, in part, 
differently from in vitro. The site-specific responsiveness of pro- 
genitors to exogenous factors indicates that local cues play an 
important role in regulating neurogenesis in vivo. In the absence 
of in vivo signals, progenitors cultured in the presence of EGF 
proliferate and differentiate into neurons and glia, yet, in vivo, 
EGF has a stimulatory influence on proliferation and the genesis 
of glia but an unexpected limiting effect on the generation of 
neurons. This dichotomy emphasizes the importance of obtaining 
in vivo and in vitro results to identify more completely the factors 
that direct site-specific neuronal differentiation. 
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School of Medicine faculty. I am a Sloan Scholar, Senior Fulbright Fellow, and National 
histitutes of Health Research Career Awardee. 

2. I am an inventor of Application Serial No. 09/1 29,028, entitled "METHODS FOR 
TREATING NEUROLOGICAL DEFICITS. " 

3 . I have reviewed the office action dated April 1 5,2008, and U.S. Patent 5,980,885, to 
Weiss et al. (Weiss et al). 
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4. I am aware that the examiner has rejected claims 4-5, 25-26, 40, 43-56 based on Weiss et 
al.. 

Overview of my research 

. 5 . My lab has studied various growth factors, including EGF, YGF-a, TGF-i8, and FGF, and 
my research has focused on ttie TGF-a family of growth factors since 1982. My study of 
growth factors in the brain be^ with my- discovery in 1 984 that EGF was expressed in 
the mammalian brain - this was the first r^ort that any ^owth factor was ejcpressed in 
the brain> and that r^ort was published in the journal Science. Fallon et al., "Epidermal 
growth factor immunoreactive mated Esl in the central nervous system: Location and 
development," Science 224; 1107-1 109 (1984). 

6. la 1 99 3, based on my expeiiise working on a broad range of growth fectors in the brain, I 
was asked to edit a book on neurotrophic factors (Loughlin, S.E., and Fallon, J.H. (1993) 
Neurotrophic Factors, Academic Press, N.Y.), and 1» write a chapter on the fimctional 
significance of the distribudon of neurotrophic factors, which was published as Fallon, 
J.H., and Lou^lin, S.E. {1993) The Functional Significance of the Distribution of 
Nexiroft-ophic Factors. In; Neurotro phic Factors . (Lou^lin, S.E., and Fallon, J.H., Eds) 
Academic Press, New York, pp. 1 -24. 

7. My lab was also the first'to show that administration of TGP-«in the pr^emce of an 
injury signal can reverse loss of motor fiuiction in a neurological injury model. Fallon, et 
al., "In vivo induction of massive proliferation, directed migration, and differentiation of 
neural cells in the adult maimnalian brain " Proc. Natl. Acad. Sx?i. 26(97): 14686-14691 
(2000) (Fallon et al. 2000 (PNAS)). 

8. In that work, we demonstrated tliat adult in vivo neurons can be generated at 
therapeutically effective levels high enough to repair neurological injury, even when 
administered weeks after the injury. FalloG et al. 2000 (PNAS). We also showed that 
TGF-a induces proliferation of adult CNS stem cells in vivo, and migration and 
differentiation of progenitor and progeny cells into various types of neurons in a brain 
with neurological injury or damage, 
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9. My PNAS reference was cited in a 2001 Stem Cell Report prepared by NIH for Congress, 
as the study showingproof of concept for adult stem cell treatment for neurological . 
disorders. Report Prepared hy the National Institutes of Health, "Stem Cells: Scientific 
Progress and Future Research Directions," June 2001, at page 84, 

10. In addition to my work demonstrating recovery of fimction following intracranial 
administration of TGF-o; I showed that parenteral administration of TGF-Ofoytside the 
CNS can also lead to ftinctional recovoy from stabilized injuries, 

1 1. In our in vivo studies of TGF-a therapy, we used a rodent model that features a well 
defined neurological injury and measurable neurolo^cal deficits. By administering TGF- 
a under different protocols followed by functional and histological assessment, we were 
able to study wheths: therapeutic effects were obtain®! when using administration 
protocols for TGF-a For example, see the protocols in the Specification, at pages 59, 
line 1 3 to page 60, line 25. 

12. As discussed below, we found that intrastriatal administration of TGF-aor EGF in the 
absence of injury, does not ^ve rise to the therapeutic levels of proUf^ation and 
migration observed when TGF-a is administered following injury. The increase in 
.proliferation in neural cells when TGF-ais administered in the presence of an injury is 
shown in Figure 1 attached to my declaration. (See also Figure 1 in Fallon 2000 (PNAS) 
and &e figure legend). Panel A shows the background number of stem and 
neuroprogenitor cells in the abs^ce of TGF-oi while Panel B and C show an increased 
staining for stem and neuroprogenitor cells following TGF-or striatal infusions, and Panel 
C shows the proliferation and striatal ridge migration observed when TGF-cs! is 
administered intrastriatally following a neurological injury. 

13. In addition, when we infused TGF-a into the striatum of the healthy rat brain, a low 
number of new cells were transiently observed in the subventricular zone immediately 
adjacent to the striatum, but then disappeared after the first week of infusion. This is 
illusti^ted in Figure 2, which shows the transient increase observed in the number of 
dividing cells observed in the subventricular zone (SVZ) following striatal TGF-oj 
infusions. 
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1 4. However, when we injected TGF-Oi into rats suffering from a neurological injury, after 
several days, w« observed significantly hi^er levels of proliferation. In addition, the 
mass of proliferating cells formed a striatal ridge and underwent a wave of migration to 
file damaged areas, where they differaitiated into dopamine neurons. Fallon et al. 200O 
(PNAS) at 14688. These results are also discussed, for example in the specification of 
the above-referenced application at page 19, lines 1 S-27 ("Intracerebroventricailar (ICV) 
or intrastriatal in&sions of TGFa or EGF without deafferentiation can induce 
proliferation, but degraierating, damaged (e.g., by deafPsrmtiation or other injury), or 
otherwise ^nonnal (i.e., malfianctioning) cellsmust be present to facilitate migration, at 
least on a scale that is large enough to impact recovery from an associated neurological 
dencit"). 

1 5, Therefore, administration of TGF-a in the absence of injury does not induce sustained 
ceil proliferation or migration of cells. In order to obtain massive cell proliferation into a 
striatal ridge and directed migration of the progenitor and progeny cells, injury or damage 
and a TGF infusion must be present 

16. In addition, intrastriatal infusions of EGF did not induce formation of the striatal ridge, 
and did not ^ve rise to the sustained proliferation and mass migration needed to obtain 
recovery from motor deficits. These results are discussed, for example, in the 
Specification at page 62, lines 19-30. , 

1 7, Intracerebroventrioular administration of TGF-a or EGF also did not give rise to 
sustained proliferation or miration of progenitor and progeny cells needed to provide a 
therapeutic effect. This is discussed, for example in the Specification at page 67, lines 
19-27 ("Intracerebroventrioular (ICV) infusion of [TGF-o;] ipsilateral to the lesion 
stimulated fee buildup of cells in the adjacent ventricular wall, but did not induce 
formation of the striatal ridge in any of the animals.") and at page 72, line 1 8 to page 73, 
Une 2, which discusses that intracerebroventricular (ICV) administration of EGF in the 
absence of injury, does NOT give rise to sustained proliferation or inigration of 
progenitor and progeny ceils needed to provide a therapeutic effect. 
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Differences between Weiss et al. and Reynolds et al. and the dai med invention 



IS. Ater reviewing Weiss et al„ it is my understanding that what is described in those 
references differs from the claimed invention in several waj^. 

1 9. Wdss et ai, does not describe any experiments administering any growtli factor in vivo 
following injury or damage. Weiss did not carry out any actual experiments in an animal 
model for neurological injury. 

20. In addition, Weiss et al. did not describe any actual experiments with any ^owtti factor, 
where they determine that neuiologioftl deficite are present following a tnodel injury, 
therefore, they couid not establish whether any observed level of motor fimction was due 
to recovery, or whether the procedure to cause injury resulted in less severe injury. 

21 . Weiss et al. did not describe any experiments in which they administered tGF-a in vivo. 
Weiss et al, carried out their experiments using EGF in the presence or absence of FGF. 
Weiss et al., examples 27-30. 

22 . The actual in vivo experiments reported in Weiss et al. featured intraoerebroventricular 
administration of EGF (in the presence or absence of FGF-2). Weiss et al, at Example 
27. 

23. Wdss et ai. did not desaibe any experiments showing that adtninistration of any growth 
factor induces migration of neural stem ceils to site of injury or damage to replace lost 
cells or to obtain a therapeutic effect 

24. Weiss shows that the results observed using one growth factor do not necessarily provide 
an expectation that the same results will be obtained using other factors: For example, at 
column 47, lines 33-43, Weiss reports that administration of EGF, but not FGF-2, leads to 
(low levels of undirected) migration. Weiss et aJ. also report ttiat ttie results in Table 11 
exclude TGF-afirom the list of t«sted factors, and ftirther shows tliat various "growth" 
factors have various regulatory effects when used in combination with EOF and/or FGF. 
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FoUowing the Method of Weiss et al. Would Not Give a Therapentic Effect 



25. I have conducted experiments that show that the admimstration of TGF-o; does not 
always induce migration of cells to the site of neurological damage. 

26. In order to determine, for example, whether different modes of administration of TGF-cs; 
would give me to neurogenesis of functional neurons and therapeutic effects, including . 
modes of administration based on the ICV administration methods in Weiss et al., 
experiments were carried outnnder my supervision in ray laboratory at UCI. 

27. As set forth in Weiss et al., Examples 27-30, an infiision camiulae attached to a 0,5 
ul/hour ALZET osmotic mini-pumps filled with 5, 20 or 50 jig/ml of BGF (or other 
growth factors) were surgically implanted into the lateral ventricle. The infusion pump 
cannula was secured to the mouse skull by use of an acrylic cement, and EOF was 
infused for 6 consecutive days, at the 0,5 uHiour rate. Experiments were also conducted 
using TGF-o; EGF, FGF, BDNF, NGF, GONF, NT3 and NT4, alone, or in combination 
in unlesioned animals. 

28. In examples 27-30, Weiss et a!, does not set forth the buffer used for the growth factor 
solution. Example 30 indicates that Weiss et al. used st^le saline + 0.1 % albumin as a 
control buffer for in. vivo infesion experiments. Experiments were carried out using 
growth fectors in a physiological saline solution and in saline containing 0.1% bovine 
serum albumin, 

29. Although it is not mentioned in Weiss et al., my lab also perfonned experiments using 
growth factors in artifidal cerebrospinal Md (a-CSF). As discussed, e.g., in example 2, 
beginning at page AS of U.S. Serial No. 09/129,028, 1 also conducted experiments 
administering 50.0 ^tg/ml TGF-0!in a-CSF outside the ventricles. 

30. We monitored animals for 2 weeks or up to 8 weeks following administration of the 
growth factors, 

31 . la all of these experiments, my lab never obtained newogmesis of functional neurons or 
therapeutic results followmg intracerebroventricular administration of any growth factor 
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(or combinalioa of giowth factors, indudmg EOF + FGF), regarding of the concentration 
of the growfli factor administered intracerebroventrically, whether saline or a-CSF was 
used as fee buffer for the ^wth factor, or whether I waited 2 weeks or 8 we«3cs 
following administ'ation of the growth factor. This Includes experiments irx which 50 
fig/ml of EGF {with or without 50 fxg/mi FGF-2) and TGF-a were administered 
intracQ-ebroventrically for 6 days to lesioned (MCAO stroke model or 6-OHDA 
Parkinson's model), or unlesioned animals, animals were monitored for 2 to 8 weeks to 
obtain firactionai/behavioral data, and some animals were sacrificed at 2 to 8 weeks 
following growth fiictor adminisfaation, to obtain histological samples to determine 
whether sustained proliferation and directed migration had occurred. 

32. In ai 1 experiments where tiie growth factor or factors were administered 

, intracerebroventrically, I never observed any behavioral improvement and only very 
minimal, transient levels of cell proliferation were observed which didn't last more than 2 
weeks. In the experiments conducted by following the example in Wdss et al, I 
observed only very low levels of transient pn>lifera.tion and undirected migration away 
from fee ventricle wall, at flie levels observed by Weiss et al (that is, no more thjm a few 
hundred cells), i never observed mass, radid, directed migration of progenitor cells or 
progeny following intraventricular administratton of any of TGF-o; EGF, FGF, BDNF, 
NGF, GDNF, NT3 and NT4, or EGF + FGF, in lesioned or unlesioned animals. I never 
observed any behavioral recovery in any animal treated with any growth factor in any 
buffer, or at any concentration, administered in the cerebral ventricles. 

33. As discussed ^ove, administration of TGF-a in the absence of injury does not induce 
sustained cell proliferation or migration of cells 

34. In addition, as discussed above, ICV administration of TGF-tudoes not give the sustained 
cell proliferation or migration needed to induce migration of cells to the site of 
neurological damage to obtain a therapeutic effect 

35. Therefore, the methods according to the examples set forth in Wdss et al. did not work. 
The methods of Weiss et al. does not yield neurogenesis of fiinctional neurons or 
therapeutic results. 
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36. There are several reasons why administration of EOF or TGF-otin the ventricles has only 
a minimal, transient effect on numBer of ceils and causes low levels of midireoted cell ■ 
movement. First, growth factora administered in fee ventricles are diluted by the 
cerebrospinal fluid. 

37. Second, bamers to migration of new nearal cells from the subventricular zone (SVZ) 
limit their migration path from the SVZ to tlie olfactory nerve, where they normally 
replenish the cells involved in the sense of smell. As a result any new cells in the SVZ 
cannot migrate to the site of injury. This is illvjstrated in Figures 3-9. Figure 3 shows the 
physical barriera to mi^-ation of cells out of the SVZ following administration of TGF-o; 
in the venHcles. Figures 4 and 5 illustrate die normal migration route of progenitor cells 
from the lateral ventrfcle (LV) to the olfactory bulb (OB). Figures 6-9 show &e 
concentration following administration of a factor into the ventricles, and the flow of CSF 
containing the factor out of the ventricles, 

38. As anoUier example, a sin^e, bolus injection of TGF-k also does not give rise to 
sustained cell proliferation or nrtigration. I have tested effects of a single bolus of TGF-oi 
and have observed that it does not give rise to sustained proliferation or migration of 
cells, or any therapeutic effect. 

39. Following administration of EGF in the ventricles, Weiss observed only very small, 
transient increases in the number of celjs and undirected migration of cells only over 
short distances— this njiramal "proliferation" and "migration" not sustained, and 
would not have been sufficient to obtain a therapeutic effect In fact, procedures such as 
injections of buffer into' (he ventricles or striatum give rise to low levels of proliferating 
cells, as a transient, minimal response to the injury. As discussed above, and shown in 
Figure 2, these cells are only transiently observed and disappear within 10 days. 

40. Based on the report by Weiss et al . that the maximum number of new cells observed was 
350 cells per rat brain, Weiss et al. observed on average less than one cell per every 2 
sections, based on the size of the rat caudate putamen and a reported section thickness of 
30 uM (Weiss et al, at coL 47, lines 24-43), 
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41 . In contrast, in my experiments administering TGF-a , I observed at least two orders of 
magnitude hi^er number of proliferated cells than was observed by Weiss et al. in their 
experiments administering BGF in the ventricles. 

42. Normally, stem cells and new neurons are present in low niimbers, but the number of new 
ceils is dramatically increased in the presence of injury or damage when TGF-g: is 
administ^ed. 

43. Therefore, even if one chose to adrainist^a: TGF-c and used the ICV administration 
method of Weiss, no therapeutic effect would have been obtained. 

44. Thus, administration of TGF-« into the ventricles did not give sustained proUferaijon or 
migration. Accordingly, Examples 27-30 of Weiss et al. are inoperable, even when one 
chooses independently to follow those methods using TGF-ct 

Admiaistratton of TGF-Kin the CNS Near the Site of Iniarv. Outside the Ventricles. Gives 
Rise to SiCTililcaiitty Greater Numbers of Proilferatin^ Cells. Indttces the Migration of 
Neural Stem Cells and Progeny to the Site of Injury, and Gives Rise to Therapeutic EffeetS 

45. In contrast, using the methods of tiiiis invention, administration of TGP-o; outside the 
ventricle in the presence of injury gives rise to proliferating cells at levels si^ificantly 
higher than fee number of new cells observed by Weiss et al. following administration of 
EGF, or the level of oella obtained following administration of TGF-ato Hie ventricles. - 

46. This is demonstrated in the above referenced application, and in Fallon et al. 2000 
(PNAS). 

47. In Edition, my lab investigated whether periph^al, intranasal administration of TGF-a 
induced proliferation and migration of progetiitor and progeny cells toward the site of 
injury in the adult rodent brain, when administered at least two months following injury 
ftom a transient middle cerebral artery occlusion (MCAO). By that time, the injury had 
completely stabilized and no further improvement of the injury symptoms were expected. 

48 . After four weeks of TGF-O! infusions {2 months after the MCAO), a dramatic increase in 
the number of proliferating and migrating cells was observed, as demonstrated by the 



incoiporation of bromodeoxyuridine (BrdU), and the expression of the neural progenitor 
cells marker, nestin and striatal precursor Meis2 into the ipsilateral forebrain. These 
results demonstrate that TGFc^ when administered following injury^ induces the 
proliferation and mobilization, en masse, of flionsands of precursor cells- 
Figure 1 1 shows the histological results obtained when PGS and TGF-aare administered 
in the absence of inj^iry. When TGF-or is administered n the absence of injury {jpanels C 
and D), the number of prolifei'ating (panel C) and neuroprogenitor ceils (panel D) is 
significantly lower than the number observed when TGF-of is administered in the 
presence of injury. Compare, for example, panel G in Figure 10 to panel C in Figure 1 1 . 

Figure 12 shows the results of behavJorEd studies to monitor functional recovery 
following the simulated stmk& in rats. In tlie rats used in this study, behavioral data 
measuring motor activity showed significant improvement after infusions of TGFa. 

Animals were assessed for motor function following simulated stroke, and for functional 
imFovement resulting from TGFa infusions. Data from the cylinder test, wWch assesses 
foreiimb asymmetry after simulated stroke, and is used measures chionic sensorimotor 
deficits, is shown in Figure 12, Asymmetric use of forelimbs (proportion of foreiimb use 
differing from 0,5) reflects a sensorimotor deficit in the lesser used foreiimb. The intact 
foreiimb is used more after the stroke procedure, while non-impaired animals exhibit 
symmetric -use of the forelimbs. The dark blue Hn© {bottom line) shows the results for 
control animals (no MCAO procedure), who received PBS. The light blue line (second 
from &e bottom) shows the results for control animals receiving TGF-a. The red line 
(third from the bottom) shows the results for injmed animals receiving TGF-ct The 
' change from around 0.5 at time zero to over 0.8 at around 35 days reflects a motor deficit, 
and the subsequent decrease back to aronnd 0,6 reflects a therapeutic effect and recoveiy 
of some motor 'function. The yellow line (top line) shows the results for injured animals 
receiving PBS. The value changes from around 0.5 at day zero, to close to 1 .0 at day 35, 
• with a deca-ease back to around 0.8 at day 65. These results show a significantly greater 
recovery of motor frinction by injured rats subjects receiving TGF-a 
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Tliis study demonstrates that the methods of feis inventicn caa be tised to admmister 
TGFct mtranasally to obtain a statisticaJly significant differents? m tiis proliferation, and 
differentiation of endogenous, adult stem cells for treatment of jfoomo stroke. In the rats 
used in this study, bonh histologicai measurement of new neuml ceDs and behavioral data 
measuring motor activity showed significant improvemeait aftejinfosions of TGFct, 



The undersigned Declaraiit declaies fi^rther that all statemeiits 
knowledge are true and that all statements made on information and bei 
to be true; .furttier tJiat the$e statements v?ere made with ihe knowledge 
statements and the like so made are punishable by fine or imprisoomenl , 
1001 of Titie 18 of tlie Uaited States Code and that such willftii felse 
the validity of the application or any patent issuing thereon. 
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(Thousands) 




FIGURE 3: Barriers to migration of cells following 
administration in the ventricles 




FIGURE 4: Barriers to migration of cells 



FIGURES CSF FLOW FROM VENTRICLES 



FIGURE 7: CSF FLOW FROM VBITRICLES 



FIGURE 8: CSF FLOW FROM VENTRICLES 



FIGURE 9: CSF FLOW FROM VENTRICLES 



FIGURE 10: Parenteral (Intranasal) Administration of PGS (control) 
compared to TGF-a, following injury 




FIGURE 11: Parenteral Administration of PGS (control) 
compared to TGF-cr in Absence of Injury 
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FIGURE 12; RECOVERY OF MOTOR FUNCTION 
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